We have used contact-resonance-frequency atomic force microscopy techniques to nondestructively image variations in adhesion at a buried interface. Images were acquired on a sample containing a 20 nm gold ͑Au͒ blanket film on silicon ͑Si͒ with a 1 nm patterned interlayer of titanium ͑Ti͒. This design produced regions of very weak adhesion ͑Si/ Au͒ and regions of strong adhesion ͑Si/ Ti/ Au͒. Values of the contact stiffness were 5% lower in the regions of weak adhesion. The observed behavior is consistent with theoretical predictions for layered systems with disbonds. Our results represent progress towards quantitative measurement of adhesion parameters on the nanoscale.
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Control of the adhesion between a thin film and its substrate is crucial to the yield, performance, and reliability of devices in a myriad of applications ͑e.g., microelectronics 1 ͒. Although this statement has been true for several decades, 2 the situation today may be judged more pressing for two reasons. First, the current drive towards smaller length scales means that established methods to determine adhesion often possess inadequate spatial resolution. Second, it is increasingly important to image or visualize the spatial distribution in mechanical properties such as adhesion, rather than obtaining "average" or "typical" values from a single position.
Existing methods to determine mechanical properties with micro-to nanoscale spatial resolution include nanoindentation 3, 4 and scanning acoustic microscopy. 5 However, the high spatial resolution and imaging capabilities of atomic force microscopy ͑AFM͒ make it a promising method for nanoscale materials characterization. One subset of AFM methods that provides mechanical-property information is an emerging group of contact techniques in which the cantilever is vibrated at or near the frequencies of its resonant modes. Techniques such as atomic force acoustic microscopy ͑AFAM͒, 6,7 ultrasonic AFM, 8 and ultrasonic force microscopy 9, 10 have been used to evaluate mechanical properties and associated effects including elastic modulus, 6-9 subsurface defects, [10] [11] [12] and friction. 13 Here, we demonstrate how such methods can be used to detect and image variations in thin-film adhesion at a buried interface. Unlike methods that merely yield qualitative or relative property indications, contact-resonance-frequency imaging provides quantitative information about near-surface properties. These images are the first step toward the ultimate goal of quantitative imaging-mapping-of adhesion parameters on the nanoscale.
Our methods are based on the AFAM technique, 14, 15 which involves vibrating the sample at frequencies in the range from 100 kHz to 3 MHz by means of a piezoelectric transducer beneath the sample. When the tip of the AFM cantilever is in contact with the sample and the transducer vibrations have the appropriate frequency, resonant modes of the cantilever are excited. The values of these "contactresonance frequencies" are determined by monitoring the amplitude of cantilever vibration as a function of excitation frequency. From the contact-resonance frequencies, the tipsample contact stiffness k * is calculated with the help of suitable models for the cantilever beam dynamics. Sample properties such as elastic modulus are obtained from k * by use of models for the tip-sample contact mechanics. It is important to note that AFAM experiments probe the sample properties to a depth z roughly three times that of the tipsample contact radius a. For Hertzian contact mechanics, a = ͑3RF /4E * ͒ 1/3 , where R is the tip radius of curvature, F is the applied static force, and
is the system reduced modulus determined by the indentation moduli M t of the tip and M s of the sample. 16 For z Ͼ 3a, the stress field beneath the tip 16 is sufficiently small relative to the value at the surface ͑Ͻ10% ͒ that the measurement is not sensitive to property variations. In this way, the relative depth sensitivity of AFAM is affected by the choice of experimental parameters R and F.
For quantitative imaging with AFAM principles, we have developed frequency-tracking electronics to detect and record the contact-resonance frequency at each image location. Other approaches have also been demonstrated. 6, [17] [18] [19] Our techniques were previously described in the context of quantitative modulus mapping 7 and are based on a digital signal processor architecture. The circuit applies a sweptfrequency sinusoidal voltage to the piezoelectric transducer under the sample. A rms-to-dc converter ͑bandwidth from 1 kHz to 3.2 MHz͒ detects the amplitude of the AFM photodiode signal and supplies it to an analog-to-digital converter. From the rms voltage versus frequency response, the circuit determines the frequency of maximum amplitude ͑peak frequency͒. This frequency determines the voltage sent to the AFM auxiliary input port for image acquisition. The acquired voltage image thus represents the value of the contact-resonance frequency at each position. Digitizing at 48 kilosamples per second and recording 128 samples per spectrum, the current system can acquire a complete spectrum every 2.7 ms. The AFM scan speed must be adjusted to ensure that several spectrum sweeps are made at each image position. For scan lengths up to several micrometers, an image with 256ϫ 256 pixels can usually be acquired in 20-25 min. To experimentally investigate substrate/film adhesion, we fabricated a model system of gold ͑Au͒ and titanium ͑Ti͒ thin films on ͑001͒ single-crystal silicon ͑Si͒. These materials were chosen because noble metals such as Au typically have very poor adhesion to substrates such as Si, but interlayers of oxygen-active metals such as Ti greatly improve that adhesion.
2 Figure 1͑a͒ shows a cross-sectional schematic of the sample design. A rectangular array of 5 ϫ 5 m 2 squares ͑10 m pitch͒ of Au/ Ti surrounded by a grid of Ti/ Au/ Ti was created on the Si wafer in the following manner. Prior to film deposition, the polished wafer was first etched to remove its native oxide. A lift-off resist pattern was applied using standard photolithography to form the array. The wafer was subjected to an oxygen plasma ash to remove any residual resist in the areas not fully cleared by the development process. A 1 nm Ti/ 1 nm Au bilayer was then electron-beam evaporated without breaking vacuum. The Au layer ensured a good bond between the Ti and the overlying Au layer by preventing any oxidation of the Ti surface when exposed to ambient pressure. After deposition, the lift-off resist was chemically stripped and a second oxygen plasma ash was applied. A 20 nm blanket film of Au was then electron-beam evaporated. Finally, a 2 nm Ti topcoat layer was deposited without breaking vacuum. This Ti layer provided a hard surface for the AFM tip and prevented contamination of the tip by the soft Au film.
This process was intended to produce a sample with minimal variations in topography and composition at the surface, but with variations in the adhesion of a buried interface. We performed a crude scratch test by lightly dragging one end of a tweezers across the film surface. Under an optical microscope, it was clear that this treatment had removed the film in the scratched regions without a Ti interlayer ͑squares͒ and remained intact in the scratched regions containing a Ti interlayer ͑grid͒. This result confirms our assumptions about the relative adhesion of the different sample regions.
Figures 1͑b͒ and 1͑c͒ show contact-resonance-frequency images for the first ͑f 1 ͒ and second ͑f 2 ͒ flexural modes, respectively. The images were acquired using a rectangular, single-crystal Si cantilever with length L = 230± 5 m, width b =40±3 m, and thickness t = 7.0± 0.5 m. The measured free-space resonant frequencies for the lowest two flexural modes were f 1 = 165.09± 0.01 kHz and f 2 = 1061.61± 0.01 kHz. The value Q = 971± 20 was measured for the quality factor of f 1 . Using the above values for L, b, f 1 , and Q, we calculate a value for the cantilever spring constant k c = 46± 4 N / m using the method of Sader et al. 20 The images were acquired at a cantilever deflection of ␦ = 20± 1 nm. Therefore, the static force applied during imaging was F = k c ␦ = 0.92± 0.09 N.
The roughly square feature in each image corresponds to a region of weak adhesion. ͑Drift in the AFM scanners may be the reason why this feature does not appear to be perfectly square in the image.͒ The thin lines surrounding the square indicate relatively large, topography-induced frequency shifts. The shifts are most likely caused by transient changes in the contact area at the edges of the square. Therefore, the frequency data in these regions are not considered reliable. Otherwise, the values of f 1 and f 2 are very uniform and repeatable from line to line. The images show that the contact-resonance frequency is noticeably lower for the region of weak adhesion. Figures 1͑d͒ and 1͑e͒ contain the average frequency versus scan position for Figs. 1͑b͒ and 1͑c͒, respectively. Each line scan was created by averaging 40 lines in the center of the corresponding image. The scans show that the average frequency of f 1 is about 5 kHz lower inside the square ͑719.7± 2.4 kHz vs 724.8± 2.5 kHz͒, while for f 2 the average frequency drops by 25 kHz ͑1.472± 0.006 MHz vs 1.497± 0.008 MHz͒. The average shift in frequency for each mode depends not only on the relative difference in material properties, but also on the sensitivity of each mode, 21 which is determined by the specific combination of experimental parameters ͑R , F, etc.͒.
To further analyze our results, we used the frequency images in Figs. 1͑b͒ and 1͑c͒ to obtain a contact-stiffness image. The image was calculated with an analytical model for the cantilever beam dynamics.
14, 15 As shown in Fig. 2͑a͒ , this model contains a cantilever represented by a rectangular beam of length L that is clamped at one end. The cantilever has a spring constant k c and its mass is distributed along its length. The tip is located a distance L 1 from the clamped end of the cantilever. For purely elastic forces, the tip-sample interaction is represented by a spring of stiffness k * . The image of the normalized contact stiffness k * / k c calculated from the contact-resonance-frequency images is shown in Fig. 2͑b͒ . Consistent with the frequency images, the contact stiffness is lower inside the square. A line scan of the average value of k * / k c versus position obtained from the same 40 lines as used for Figs. 1͑d͒ and 1͑c͒ is shown in Fig.  2͑c͒ . The mean value of k * / k c is 39.1± 0.6 in the grid regions and 37.1± 0.5 in the square, a difference of 5%. We analyzed several other pairs of contact-resonance-frequency images acquired at different sample positions. The resulting contactstiffness images consistently showed a decrease of 4%-5% in k * / k c for the regions of poor adhesion that lacked a Ti interlayer.
Our results provide direct experimental support for previously published predictions of reduced contact stiffness in layered systems containing disbonds. 22 An impedanceradiation theory was used in which the disbonded substrate/ film interface was modeled by a change in boundary conditions ͑i.e., zero shear stress at the interface͒. With this approach, Ref. 22 predicted that for a disbond in a 20-25 nm aluminum film ͑M = 78 GPa͒ on ͑100͒ Si ͑M = 165 GPa͒, the contact stiffness would be lower by ϳ4%, very similar to our observed reduction of 5%. The two results cannot be directly compared for several reasons, however. The film materials are different, although not dramatically dissimilar elastically. ͓For our sample, M͑Au͒ = 97 GPa and M͑Ti͒ = 129 GPa. 23 ͔ Our sample also contained additional ͑albeit very thin͒ film layers. Finally, in our experiments the estimated static load F = 0.92 N and tip radius R Ϸ 20-50 nm, while the calculations assumed F = 0.2 N and R = 100 nm. However, it is the product FR that affects the contact radius a and thus k * . Using the equation for a given above, we find a = 6 -8.5 nm for our experimental parameters. These estimates include the effect of the thin Ti layers through the use of an effective ͑weighted͒ modulus for the film. For the parameters used in Ref. 22 , we obtained a = 6.6 nm. The similarity in the values for a leads us to believe that comparison between the model and our experiments is valid, and that weak adhesion is responsible for our experimental results.
In summary, we have demonstrated how contactresonance-frequency AFM imaging can be used to nondestructively map variations in adhesion at a substrate/film interface. A model system containing regions of both weak and strong adhesions was fabricated with Au and Ti films on Si.
Images of the two lowest flexural-mode, contact-resonance frequencies were acquired and used to calculate a map of the tip-sample contact stiffness. Values of the contact stiffness were 5% lower in the regions of weak adhesion. The observed behavior is consistent with theoretical models for contact stiffness in layered systems with disbonds. Our results represent progress towards the goal of nanoscale mapping of adhesion, which will significantly impact development of thin-film devices in a wide range of technological applications.
